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Abstract 
Carbon powder is a conventionally stacked electrode material, which covers 
carbon nanotubes, carbon nano fibers, and graphene powder. These materials have been 
explored for candidates of supercapacitors. Considerable amounts of graphene sheets 
have been produced through reduction of graphite oxide, which takes a form of 
dispersing sheets or flakes. Graphite oxide can be generated by the electrochemical 
technique. It can control well a degree or intensity of chemical oxidation by 
time-variations of voltage or current. It can be used to produce graphite oxide with 
quality control. A relationship between the formation of graphite oxide and the 
exfoliation has not been clarified from a viewpoint of electrode potential. When HOPG 
is electrochemically oxidized in alkali solution, STM observation shows that graphite 
oxide with homo-sized disks 15 nm in diameter and 0.5 nm in thickness is formed 
dispersively on the HOPG surface. With an increase in the anodic charge, the number of 
the disks enhances, and covers finally the HOPG surface without overlap at the 
maximum coverage, 70%. The projected area of the disks is proportional to the anodic 
charge when the charge is small. The formation of the uniform size may be ascribed to 
the difference between the density of graphite oxide and that of the basal plane of 
graphite. The formation of nano-disks and their properties are inconsistent with such an 
image of intercalation that ions are inserted into layers of graphene of HOPG.  
Graphene has a particularly high surface area to mass ratio, so it can be used to as a 
super capacitor. The double layer capacitance of the oxidized HOPG increases slightly 
with the anodic charge, implying that the disks should be an electrical insulator. We also 
concern with analyzing the double layer impedance of controlled thickness of graphene 
layers by means of the power law. 
The double layer capacitance per weight of graphene flakes in aqueous solution at 
the polarized potential increases with a decrease in the ac-frequency, obeying the 
III 
inverse of the power law of the frequency. The power law is demonstrated to be 
equivalent to the constant phase element. The frequency-dependence increases with the 
thickness of the graphene films. Thus, the lower the frequency and the thinner the film, 
the larger is the capacitance density per weight. This is confirmed by cyclic 
voltammetry for several thickness of graphene films and several scan rates. 
Resistance-like voltammograms at thick films are caused by frequency-dispersion. The 
overall capacitive properties of the graphene films are as follows: the capacitance is 
almost proportional to the thickness of the layer for less than 0.11 μm; the comparison 
of the thickness and the capacitances at the HOPG yields 2 nm thickness of one 
graphene flake in average, consistent with values by the STM and AFM images. 
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Chapter 1                                              
Introduction 
 
1.1 Highly Oriented Pyrolytic Graphite  
Graphite is an electrical conductor. It is useful in such applications as electrodes. 
HOPG could be as a sample because initial state should be atom flat surface. 
HOPG is a new kind of high purity carbon. It comes from pyrolytic graphite after 
treatment in high temperature and high pressure, and its function is close to single 
crystal graphite. HOPG as a sample provides a smooth surface for microscopic analysis.  
The most prominent function of HOPG is to have a very smooth surface and 
electrical conductivity. HOPG has the layer structure to make sample preparation easily. 
A scotch tape can be used to press in the HOPG surface. After peeling, the new 
conductive smooth surface can be gotten. HOPG can be used for surface roughness 
measurement, basement for the surface microscopic properties characterization. It 
makes the roughness of the surface less than 0.1 nm. 
 
1.2 Electrochemical Oxidation of Highly Oriented Pyrolytic Graphite 
Considerable amounts of graphene sheets have been produced through reduction of 
graphite oxide [1-6], which takes a form of dispersing sheets or flakes in suspensions 
[6]. Graphite oxide has been generated by chemical oxidation of graphite by oxidants 
including concentrated sulfuric acid, nitric acid and potassium permanganate based on 
the Hummers method [7]. It is generally difficult to control a degree or intensity of 
chemical oxidation. In contrast, an electrochemical technique can control well oxidation 
by time-variations of voltage or current, and is a promising method of producing 
graphite oxide with quality control. Electrochemical production of graphene has been 
developed in the light of scaling-up the process since 2011. The state-of-the-art methods 
for electrochemical synthesis of graphene have been reviewed, including the properties 
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as well as analytical methods [8]. 
Electrochemical reactions at graphite electrodes have been directed intensely to 
intercalation of lithium ion at secondary batteries early in 1980s [9-13] The 
electrochemical intercalation has often brought about exfoliation from graphite [14-15]. 
Graphene is thought to be formed electrochemically in two steps: intercalated ions 
expand inter-distances among graphene layers into which solvent is penetrated; the 
penetrated solvent generates electrochemically gasses, which exfoliate graphene layers 
[8,16]. Although this mechanism is intuitively reasonable enough for explaining the 
electrochemical exfoliation, voltages and current densities for the interaction and gas 
evolution have not been quantitatively discussed yet. The quantitative discussion is not 
easy because there is difficulty in controlling voltages for such high current density that 
graphene flakes are dispersed in suspension form. 
Voltage-controlled voltammetry, i.e. with few ohmic drop, has allowed researchers 
to characterize voltage of each step at graphite electrolysis. Voltammetric oxidation of 
HOPG near 2.0 V generated blisters which were seen by an optical microscope [16]. 
Voltammetry ranging from -2 to 3 V exfoliated graphite to produce functionalized 
graphenes used for primary battery electrodes [17]. Well-defined voltage control for 
reduction generated few-layer graphenes with the help of thermal expansion and 
ultrasonication [18]. Electrochemical intercalation of sodium dodecyl sulfate into 
graphite formed a stable colloidal graphene suspension of which properties were 
controlled by intercalation voltages [19]. HOPG electrochemically intercalated by 
mixtures of sulfuric and formic acids exfoliated to form CO blisters in which CO 
bubbles were trapped [20].  
 
1.3 Graphene  
Graphene is pure carbon in the form of a very thin, nearly transparent sheet, one 
atom thick. It is remarkably strong for its very low weight (100 times stronger than 
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steel[9]) and it conducts heat and electricity with great efficiency.[21]  
Technically, graphene is a crystalline allotrope of carbon with 2-dimensional 
properties. Graphene can be described as a one-atom thick layer of graphite. It can also 
be considered as an indefinitely large aromatic molecule. 
Geim defined "isolated or free-standing graphene" as "graphene is a single atomic 
plane of graphite, which – and this is essential – is sufficiently isolated from its 
environment to be considered free-standing."[22] Other forms of graphene, such as 
graphene grown on various metals, can become free-standing if, for example, suspended 
or transferred to silicon dioxide (SiO2) or silicon carbide (after its passivation with 
hydrogen).[23] 
Not surprisingly, because of its 2 dimensional structure and the lateral availability 
of the carbon, graphene is now known to be the most reactive form of carbon. In 
addition scientists at Stanford University have reported in 2013 that sheets of graphene 
one atom thick are a hundred times more chemically reactive than thicker sheets. 
Consequently controlling the functionalization of graphene sheets will be difficult but 
may still be the source of even more specialised properties and uses that are still 
unknown to us today. 
 
1.4 Electric Double Layer Capacitance of Graphene  
The electric double layer impedance in a polarized potential domain often varies 
with applied ac-frequency, different from an ideal capacitor, called frequency-dispersion 
[24,25]. It has been interpreted as distribution of various time constants of double layer 
capacitors [26]. A traditional equivalent circuit for the double layer impedance is an 
ideal capacitor, which is connected in series with the solution resistance [27]. The 
circuit in series should yield a vertical line in a Nyquist plot [28,29], whereas the 
Nyquist plots of double layer capacitances have frequently provided lines with slopes 
less than 10 [30]. The non-vertical line has been modeled by the so-called constant 
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phase element (CPE) [31-34]. The impedance of the CPE, ZCPE, is expressed by the 
power , ranging from 0 to 1, of a complex impedance. i.e. 
ZCPE = 1/(Q(i)

) ={cos(/2) – i sin(/2)}/(Q)     (1) 
where  is angular velocity of applied ac-voltage, and Q is a constant. The slope of the 
line in the Nyquist plot is tan(/2). The CPE can reproduce experimental results well, 
but does not explain any origin of physicochemical phenomena such as 
frequency-dispersion dispersion and adsorption [35]. The data analysis by the CPE is 
close to the analysis with a frequency-independent phase angle different from 90
o
 [36]. 
We have explained Eq. (1) as an inevitable result of the frequency-dispersion 
[30,37-39], as follows. The time-derivative of the double layer charge q, i.e. I = dq/dt, at 
the capacitance, C, for the applied voltage V = Voexp(it) is given by 
         (2) 
 
The original form of the admittance in the second term of Eq. (2), dC/dt, cannot be 
evaluated directly from the impedance data, but it is C/ that can readily be obtained 
as a variable with time-dependent capacitance. Therefore we have written dC/dt as 
(C/)(d/dt) in Eq. (2). Since  is equivalent to 1/t, d/dt is given by -t-2. The first 
term on the right hand side is iCV, the admittance of which is the out-of-phase. Since 
the admittance of the second term, in contrast, includes no imaginary number, it belongs 
to the in-phase, i.e. a resistive component. The current in Eq. (2) is a sum of the real and 
the imaginary currents, the equivalent circuit can be expressed as a parallel combination 
of C (defined as Cp) and the resistance (1/(C/t) = Rp). The parallel combination of the 
double layer has been introduced by Bockris et al [40] in order to explain dielectric 
relaxation. It has been verified experimentally by changing solution resistance [37] as 
well as fitting experimental results [41]. The parallel resistance Rp, depending on 
frequency, has been demonstrated to have surface properties because it does not vary 
with distance between two electrodes [37], with salt concentrations [38], or kinds of 
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solvents [30]. Furthermore, it is inversely proportional to the area of electrode surfaces 
[38]. The double layer capacitance, Cd, conventionally observed can be then expressed 
as 
                                 (3) 
This is nothing but the admittance (1/Z) of the conventionally observed double layer 
impedance, Z. The relations between Eq. (1) and (3) are 
(4)                                                               
             
(5) 
 
where Rp was replaced on the right-hand sides by 1/(Cp/t). Since Cp has a linear 
relation with log f [40,37,38], the term f(Cp/f) is almost constant. Then  can be 
determined unequivocally through Eq. (5). The correspondence in Eq. (4) and (5) 
indicates that the CPE behavior should result quantitatively from the 
frequency-dispersion.  
The above quantitative interpretation of the CPE does not elucidate a physical 
meaning of the frequency-dispersion. Following reasons for the frequency dispersion 
have been suggested; surface roughness of fractal dimension [42-49], porosity of 
electrodes [49-52], the distribution of current density [53-56], inhomogeneous 
adsorption [57], and inhomogeneous coating materials [41,58]. These reasons include 
commonly something heterogeneous on electrodes. It is not easy to evaluate domain 
size of heterogeneity although few attempts have been reported on local electrochemical 
impedance spectroscopy [59-61]. Since the frequency-dependence at highly oriented 
pyrolytic graphite (HOPG) electrode is less than that at polycrystalline platinum 
electrodes [37,62], the domain size of heterogeneity may be of the order of magnitude 
of roughness or grain of polycrystalline surface.  
When conducting powder-like materials are accumulated on an electrode as in 
ppd
/1 CiRCi  
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supercapacitors, the heterogeneity may increase to enlarge the CPE effect, or to 
decrease . Since the capacitance is given by Q/1- from Eq. (1), the enlarged CPE 
effect decreases the capacitance values with an increase in the frequency. Consequently, 
values of the capacitances should be specified by not only values of  but also the 
frequency or the time to be used for measurements.  
 
1.5 Aim of this thesis 
The aim of this thesis is to discuss the electric capacitance of electrochemically 
oxidized graphite and graphene films. Graphite is oxidized by electrochemical 
technique. But the relationship between the formation of graphite oxide and the 
exfoliation from a viewpoint of electrode potential is not clearly reported. A strategy of 
clarification is, first of all, to find how the oxidation of graphite alters the surface 
morphology at the intercalation. 
We focus in this report on carrying out the strategy by voltammetric oxidation of 
the HOPG surface in basic solutions. The oxidized surface morphology, examined by 
means of STM, is expected to be related quantitatively with the oxidation charge. 
Questions are (i) whether graphite oxide is immobilized on the HOPG surface or not; 
(ii) what are geometry and uniformity of graphite oxide; (iii) how much is graphite 
oxide formed at a given potential; (iv) what are properties of graphite oxide such as 
conductivity and porosity. We aim at responding to these questions in this report. 
As we know, graphene has a particularly high surface area to mass ratio, so it can 
be used to as a super capacitor. This super capacitor energy storage density is greater 
than existing capacitor. But it is not clear how the thickly stacked graphene influence 
capacitor although the thickening is predicted to increase capacitance intuitively. This 
report is also concerned with searching quantitatively the double layer impedance at 
controlled thickness of graphene (GN) layers, which are reduced by dispersed graphite 
oxide (GO) flakes with hydrazine [63]. 
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Chapter 2                                              
Experimental 
 
2.1 Chemicals 
Water used was distilled and then ion-exchanged. All the chemicals were of 
analytical grade. Graphite powder (98%, 7 m in average diameter) was purchased from Ito 
Koken (Mie, Japan), and was used as received. Ferrocenyl 
tetramethylammmoniumhexafluorophosphate (FcTMA) as structure in Fig.2.1, was 
synthesized in house. FcTMA contained salt, mainly ammonium iodide, which was 
formed when iodide in ferrocenyl tetramethylammmonium iodide was substituted for 
hexafluorophosphate. Accurate concentrations of FcTMA solutions were determined by 
voltammetric peak for the known value of the diffusion coefficient [64]. Water was 
deionized and distilled. 
 
Fe
CH2 N CH3
CH3
CH3
+
 
Figure 2.1. Structure of FcTMA. 
 
2.2 Electrochemical oxidation of HOPG 
HOPG was purchased from Bruker Corp. Before each voltammetric run, the 
HOPG surface was exfoliated with adhesive tape. The capacitive current at a whole 
HOPG plate was much larger than that at a planar glassy carbon electrode with the same 
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geometrical area. The extra-current is due to the large surface roughness at the edge of 
the HOPG plate. In order to obtain a controlled area of an electrochemically active 
lamellar plane, a PTFE cylinder 6 mm in inner diameter was pressed on the exfoliated 
HOPG surface with the help of a gasket (o-ring). Voltammograms obtained in the 
cylindrical cell varied sometimes with the pressure between the cylinder and the HOPG. 
 
2.3 Design of Graphene 
The suspension of graphite oxide (GO) was prepared according to the Hummers 
method [66]. It was centrifuged with a cooling centrifuge (Tomy, Tokyo) at the 
maximum, 10600 g, and was dispersed in pure water in order to remove salt. The 
centrifugation and the dispersion were iterated three times. An aliquot of the purified 
suspension was dried and weighed to determine the weight concentration. A drop 100 
mm
3
 of the GO suspension with the known concentration was dropped on the exfoliated 
HOPG plate (12  12 mm2), and was dried in an oven at 60 oC for one hour. The dried 
GO film was reduced chemically with 0.2 M (= mol dm
-3
) hydrazine monohydrate 
aqueous solution in a vessel kept at 90 
o
C for one hour [65] to yield the GN film. The 
reduced film was rinsed with water. 
 
2.4 Voltammogram 
Cyclic voltammetry was carried out with a potentiostat, Compactstat (Ivium Tech., 
Netherlands). The reference electrode was Ag|AgCl in saturated KCl. The counter 
electrode was a platinum wire. 
 
2.5 Capacitance measurement 
Cell was in a two-electrode system with an aqueous cylinder which was supported 
with surface tension between the aqueous solution and air. It was generated by 
expanding the aqueous solution sandwiched with the HOPG plate and a stainless steel 
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plate, as illustrated in Fig. 2.2. The former was a working electrode, and the latter was a 
counter electrode. The diameter of the cylinder was determined by a microscope. 
 
 
 
 
 
 
 
 
Figure 2.2. Illustration of the cell of the aqueous cylinder pulled with both the HOPG 
plate and the stainless steel plate. 
 
A drop of 0.5 M KCl solution was inserted into two GO- or GN-coated plates. The 
contact area of the KCl drop was evaluated from photographs, on the basis of which Fig. 
2.4(A) was drawn. The difference in the shape of the menisci for the GO and GN 
supports higher hydrophobicity of GN than GO. The thickness of the film was 
calculated from the added volume of the GO suspension with the known weight 
concentration, the area of the electrode in contact with the solution, and the densities. 
Ac-impedance was obtained in the symmetric cell in Fig. 2.3(A) with a potentiostat, 
Compactstat (Ivium Tech., Netherlands). The equivalent circuit is a series connection of 
the two conventionally observed double layer capacitances, Cd, and the solution 
resistance, Rs. The applied ac-voltage was 10 mV in amplitude with the frequency 
ranging from 1.4 Hz to 3 kHz. Cyclic voltammetry was made in this symmetric cell. 
 
 
 
HOPG 
Stainless Steel 
 
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Fig. 2.3(A). Cell structure for ac-impedance measurements (A) 
 
2.6 Determine density of GN 
Density of the dried GN, , was determined by means of pycnometry, which was 
used for evaluating the density of swollen polyacrylic latex particles [67]. The method 
was to obtain weights of a ca 50 cm
3
 dried pycnometer (m0) and that (mw) of the 
pycnometer into which water was filled. The difference divided by the density of water, 
ρw = 0.997 g cm
-3
, is the volume of the pycnometer at 25 
o
C. The suspension of GN, 
which was deionized by centrifugation, was filled in the pycnometer, and weighed (ms). 
The pycnometer filled with the suspension was dried at 90 
o
C in an oven for one day, 
was cooled to the room temperature, and weighted (msd). Then the volume of the 
pycnometer can be represented by the two ways: 
                   (6) 
 
Then  is given by 
                           (7) 
 
The four weights were obtained reproducible with the digit of mg. Then we had  = 
1.29  0.01 g cm-3. We applied the above method to the GO suspension to evaluate the 
density of dried GO. It was 1.26  0.03 g cm-3. Both densities are almost the same 
within errors. According the thermogravimetry previously made [68], the GN flakes 
KCl aq. 
GN-coated HOPG 
 
GN-coated HOPG 
 
KCl aq. 
GO-coated HOPG 
 
GO-coated HOPG 
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contain graphite oxide inside. 
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Chapter 3                                              
Formation of graphite oxide nano-disks by electrochemical 
oxidation of HOPG 
 
3.1 Overview 
Considerable amounts of graphene sheets have been produced through reduction of 
graphite oxide [1-6], which takes a form of dispersing sheets or flakes in suspensions 
[6]. Graphite oxide has been generated by chemical oxidation of graphite by oxidants 
including concentrated sulfuric acid, nitric acid and potassium permanganate based on 
the Hummers method [7]. It is generally difficult to control a degree or intensity of 
chemical oxidation. In contrast, an electrochemical technique can control well oxidation 
by time-variations of voltage or current, and is a promising method of producing 
graphene oxide with quality control. Electrochemical production of graphene has been 
developed in the light of scaling-up the process since 2011. The state-of-the-art methods 
for electrochemical synthesis of graphene have been reviewed, including the properties 
as well as analytical methods [8]. 
Electrochemical reactions at graphite electrodes have been directed intensely to 
intercalation of lithium ion at secondary batteries early in 1980s [9-13] The 
electrochemical intercalation has often brought about exfoliation from graphite [14-15]. 
Graphene is thought to be formed electrochemically in two steps: intercalated ions 
expand inter-distances among graphene layers into which solvent is penetrated; the 
penetrated solvent generates electrochemically gasses, which exfoliate graphene layers 
[8,16]. Although this mechanism is intuitively reasonable enough for explaining the 
electrochemical exfoliation, voltages and current densities for the interaction and gas 
evolution have not been quantitatively discussed yet. The quantitative discussion is not 
easy because there is difficulty in controlling voltages for such high current density that 
graphene flakes are dispersed in suspension form. 
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Voltage-controlled voltammetry, i.e. with few ohmic drop, has allowed researchers to 
characterize voltage of each step at graphite electrolysis. Voltammetric oxidation of 
HOPG near 2.0 V generated blisters which were seen by an optical microscope [16]. 
Voltammetry ranging from -2 to 3 V exfoliated graphite to produce functionalized 
graphenes used for primary battery electrodes [17]. Well-defined voltage control for 
reduction generated few-layer graphenes with the help of thermal expansion and 
ultrasonication [18]. Electrochemical intercalation of sodium dodecyl sulfate into 
graphite formed a stable colloidal graphene suspension of which properties were 
controlled by intercalation voltages [19]. HOPG electrochemically intercalated by 
mixtures of sulfuric and formic acids exfoliated to form CO blisters in which CO 
bubbles were trapped [20]. 
 
3.2 Results and discussion 
 
3.2.1 Electrochemical oxidation of HOPG 
The HOPG surface in cylindrical cell was oxidized in acidic and basic solutions by 
cyclic voltammetry with one cycle. Solution resistance of the NaOH + Na2SO4 solution 
in the cell was ca. 50 ohm. It estimated from the variation of voltammetric peak currents 
of FcTMA with the scan rates. Therefore the IR-drop was less than 10 mV when current 
was less than 100 A. The voltammograms in Fig. 3.1(A) showed that the oxidation 
current rose up at 1.3 in the NaOH solutions and 1.7 V in the H2SO4 solutions. The 
multiple scan decreased slightly the anodic currents. The Tafel plot fell on a line when 
the current density was more than 5 A cm-2, as shown in Fig. 3.1(B). We designated 
the potential at the current density of 4 Acm-2 in the Tafel plot as ETF. Figure 3.1 
showed dependence of ETF on pH of the solution, where pH was varied by adding 
NaOH or H2SO4 to 0.1 M (= mol dm
-3
) Na2SO4 solution. Phosphate buffer solutions 
with pH 2.5 – 11.5 were electroactive in our interesting potential domains. Values of pH 
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at middle points in Fig. 3 were influenced by the electrolysis. The increase in pH by 1 
shifted ETF by ca. 0.04 V, indicating that two electrons should be consumed for the 
oxidation of one hydrogen ion. The conventional oxidation of water, followed by 
2H2O  O2 + 4H
+
 + 4e
-
                      (1) 
showed the 1:1 stoichiometry for H
+
(or OH
-
 ) and e
-
. This ratio failed to explain the 
present experimental dependence of ETF on pH. More electrons should be generated 
than the oxidation of OH
-
. A possible reaction generating more electrons was formation 
of carbocation [69-71] through 
 
                                    (2) 
 
If it occured in parallel with reaction (1), two electrons should generate in the 
consumption of one OH
-
 ion. The carbocation reacted soon with dioxygen or water to 
yield an alcohol or an epoxy group. In order to support the participation of reaction (2), 
we made voltammetry at the platinum electrode under the same conditions as the 
voltammetry at the HOPG. The potential shift was 52 mV per pH at the Pt electrode, as 
shown in Fig. 3.2, i.e. corresponding to the one-electron oxidation. Therefore the 
two-electron reaction was specific to HOPG electrodes. 
 
 
 
 
 
 
 
 
 
0.5 1 1.5
0
100
200
E / V vs. Ag|AgCl
I 
/ 

A (a)
(b)
↑
C 
C 
C C 
C 
C
A C C 
+ 
 
+ e
-
 
 
Chapter 3 Formation of graphite oxide nano-disks 
 
15 
1 1.2 1.4 1.6 1.8
1
2
lo
g
 (
I 
/ 
A
)
E / V vs. Ag|AgCl
(a)(b)
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Cyclic voltammograms (A) and their Tafel plots (B) in (a) 10 mM NaOH + 
100 mM Na2SO4 solution and (b) 1 M H2SO4 solution at the HOPG electrode for the 
scan rate, 10 mV s
-1
. The solid curves were at the first scan, whereas the dashed one was 
at the second scan. 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Variations of Er with pH obtained at the (circles) HOPG and the (triangles) 
platinum electrode in various pH solutions at v = 10 mV s
-1
, where ETF was satisfied 
with the Tafel equation, E =ETF + a log(I /A). 
0 5 10 15
1
1.5
E
T
f 
/ 
V
 v
s
. 
A
g
|A
g
C
l
pH
Chapter 3 Formation of graphite oxide nano-disks 
 
16 
1 1.2 1.4 1.6
60
80

 (
d
e
g
re
e
)
E r / V vs. Ag|AgCl
Values of the current density ranging from 20 to 250 A cm-2 at a given potential 
varied with scan rates in the NaOH solution. They showed v
0.4
-dependence and 
v
0.1
-dependence at 1.2 V and potentials more than 1.3V, respectively. Since the order of 
v was less than 0.5, the current should be controlled by some chemical and/or 
electrochemical kinetics rather than diffusion of OH
-
. This supports the participation of 
reaction (2), which belonged to a surface reaction. 
The oxidized surface was predicted to be covered with graphite oxide. It was more 
hydrophilic than the HOPG surface. In order to verify the hydrophilicity, we measured 
contact angles of water drop on the HOPG surface. The HOPG surface was oxidized in 
NaOH solution by one scan cyclic voltammetry at the scan rate of 10 mV s
-1
, with 
several reverse potentials, Er. The angles obtained at five times measurements were 
rather scattered because they depended on size and formation speed of drops. The angle 
decreased when Er was more than 1.3 V, as shown in Fig. 3.3. This fact implied 
hydrophilic graphite oxide was formed on the HOPG when Er was more than 1.3 V. 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Variation of contact angles of water drop on the HOPG surface with Er in 10 
mM NaOH + 100 mM Na2SO4 solution. 
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3.2.2 STM images of Oxidized Surface 
Figure 3.4 showed STM photographs of the oxidized HOPG surfaces at three 
reverse potentials. The HOPG surface without the oxidation had no morphology within 
0.5 m squares in magnification. Dots were found when potentials Er was more than 1.2 
V. When the oxidation level was enhanced by an increase in Er or a decrease in the scan 
rate, the number of dots was increased, keeping the size. The dots covered mostly the 
HOPG plane when Er was more than 1.5 V (Fig. 5(C)). Therefore the anodic electrolysis 
generated the dots. 
 
 
 
 
 
 
 
 
 
Figure 3.4. STM photographs in (500 nm)
2
 of the HOPG surface oxidized in the 10 mM 
NaOH + 100 mM Na2SO4 solution by cyclic voltammetry with Er = (A) 1.20, (B) 1.25 
and (C) 1.30 V vs. Ag|AgCl for v = 10 mV s
-1
. 
 
Figure 3.5 showed the magnified STM images of (A) the domain including the 
dots and (B) the flat domain in Fig. 3.4(A). The dots were an approximate circle ca. 15 
nm in diameter. They were less than 20 nm. There were few overlaps of dots even at 
high density of the dots. The dots were formed heterogeneously, leaving behind the flat 
domain (Fig. 3.4(B)). The thickness of a dot was read by the STM height along a line 
traversing a dot. It was 0.5 nm in average and was less than 1 nm. Consequently, the 
(A)                  (B)                (C) 
100 nm 100 nm 100 nm 
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dots were disk-shape with an aspect ratio less than 30:1. We call the dots nano-disks. 
The surface of the nano-disk was crumpled. It had been reported that the 
electrochemical oxidation of HOPG yielded shallow blisters on the surface [72,73]. The 
blisters were different from our nano-disks in that they could be taken optical 
microscopic size and irregular size. 
 
 
 
 
 
    
 
 
 
 
Figure 3.5. STM images of the HOPG surface oxidized at 1.2 V, which included (A) 
some nano-disks at a magnification of (100 nm)
2
 and (B) the flat domain of Fig. 3.4(A) 
at a magnification of (10 nm)
2
. 
 
The STM current at a probe distinguished obviously nano-disks from the flat 
HOPG plane. We took the ratio of the number of (x, y) digital points regarded as a 
nano-disk to all the sampled number. This ratio was equivalent to the ratio of the 
projected area of the nano-disks, S, to all the scanned area, S0 = (0.5 m)
2
. Figure 3.6 
showed the variation of S/S0 with the charge density of the oxidation, q. The area at a 
low oxidation level was proportional to q, whereas the ratio S/S0 at a high level showed 
a constant, ca. 0.7. The proportionality indicated that nano-disks should disperse on the 
HOPG surface two-dimensionally without overlap. The two-dimensional dispersion was 
(A) (B) 
1 nm 10 nm 
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in accord with the uniformly flat disk form. The slope of the proportionality mean the 
area generated by 1 C, or 2.2×10-3 nm2 per electron. This area was much smaller than 
the area of one carbon (0.026 nm
2
) on a graphene sheet. The ratio of 0.026/0.0022 was 
about 11. It indicated that a carbon atom relevant to formation of the nano-disks was 
oxidized by consumption of eleven electrons. 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Dependence of the normalized area of nano-disks on the anodic charge 
density. 
 
The constant value of S/S0 (0.7) when q was more than 50 C m
-2
 in Fig. 3.6 showed 
that the nano-disks could not cover the HOPG surface up by further oxidation. Since the 
nano-disks were not overlapped to get thicker by the further oxidation, the anodic 
charge more than q > 50 C m
-2
 consumed only by decomposition of water rather than by 
formation of the nano-disks. The packing fraction of 0.7 was smaller than the theoretical 
fraction for the projected area of closely packing atoms, 0.906. There should be large 
vacant space owing to random distribution of disks. 
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3.2.3 Electrochemical properties 
We characterized here electrochemical properties of the nano-disks by cyclic 
voltammetry and ac-impedance. Figure 3.7 showed voltammograms in 0.5 M KCl 
solution at the HOPG and the glassy carbon (GC) electrodes, and their oxidized 
electrodes at which the oxidation was made by cyclic voltammetry at Er = l .5 V vs. 
Ag|AgCl in 10 mM NaOH solution. The voltammetric currents in 0.5 M KCl solution 
were caused by the electric double layer capacitance because currents at 0.1 < E < 0.6 V 
were proportional to the scan rates. The voltammograms at the oxidized HOPG (a2) was 
close to or less than that at the untreated HOPG (a1) when E was less than 0.5 V. 
Therefore the nano-disks did not increase the electroactive surface area although the 
surface got geometrically rough. Possible reasons were electrical insulator of the 
nano-disks and/or no electric percolation of the nano-disks to the HOPG. In contrast, the 
oxidized GC electrode (b2) showed current density larger than the untreated GC (b1), as 
was well-known as the anodic activation of electrochemical pretreatments [74,75]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Cyclic voltammograms at v = 10mV s
-1
 in 0.5 M KCl solution at (a1) the 
HOPG, (a2) the HOPG oxidized at Er = 1.5 V in 10 mM NaOH + 100 mM Na2SO4 
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solution, (b1) the GC, and (b2) the GC oxidized at Er = 1.5 V in the above solution, 
We examined electrochemical activity of the soluble redox species at the nano-disk 
coated electrode. The oxidized HOPG in 1 mM FcTMA + 0.5 M KCl aqueous solution 
showed the same voltammograms as those untreated HOPG, regardless of a degree of 
the anodic charge and scan rates for less than 0.1 V s
-1
. FcTMA ought to react at the 
HOPG surface through nano-disks without any blocking. Therefore, the nano-disks 
were porous for transport of ions. 
Electric double layer impedance of the oxidized HOPG was measured by the 
ac-impedance technique with 10 mV amplitude at the DC-potential (0.0 V) of the 
polarized potential domain in 0.5 M KCl solution. Figure 3.8 showed the Nyquist plots 
at the oxidized and untreated HOPG electrodes. The conventional model of the 
equivalent circuit for a double layer was a series combination of an ideal capacitance 
and a solution resistance. A Nyquist plot for this model showed theoretically a vertical 
line, whereas the experimental plots showed a line with the slope 11. When a 
capacitance, C, had frequency-dependence, the ac-current responding to ac-voltage, V, 
was formally expressed by [8,9] 
 
      (3) 
 
where  was the frequency of the ac-voltage. The term (dC/d)(d/dt) in Eq. (3) was 
an in-phase component, or a conductance. Letting the inverse of the conductance, i.e. 
the resistance, be denoted as Rp, the equivalent circuit was a parallel combination of C 
and Rp. Then the impedance including the solution resistance, Rs, was represented by 
 
                      (4) 
or 
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(5) 
The experimental slope, 11, in Fig. 3.8 would be discussed later. 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Nyquist plots in 0.5 M KCl solution at (circles) the bare HOPG and 
(triangles) the HOPG oxidized at Er = 1.5 V. 
 
A quantitative relationship between double layer properties and a degree of the 
oxidation was represented by the dependence of the capacitance on the area of projected 
nano-disks. By eliminating Rp from Eq. (4), the double layer capacitance can be 
represented by 
 
(6) 
 
The evaluated capacitance was proportional to ln() in the domain from 5 Hz to 50 kHz, 
as was consistent with at the platinum electrodes [76,77]. It was empirically expressed 
as 
C = k1–k2ln                              (7) 
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for positive constants k1 and k2. The frequency-dependence in C was rather small 
because of the logarithmic variation. Figure 3.9 shows variation of C at frequency 1 Hz 
with S/S0. The capacitance increased slightly with an increase in the oxidized area. It 
indicated the enhancement of the conducting area with an increase in the oxidation 
degree. It approached a constant value when S/S0 was more than 0.35. And it did not 
vary any more. Consequently, the nano-disks themselves did not participate in electrical 
conduction, but generated simply surface roughness of the HOPG substrate. The 
invariance of C was consistent with the electric insulator of the nano-disks in Fig. 3.7. 
This behavior was in contrast with the oxidized GC electrodes [73,74]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Variation of the capacitance at 1 Hz with the normalized area of the 
nano-disks. 
 
Taking the ratio of the two equations in Eq. (5) yields 
(8) 
By inserting Eq. (8) into the definition 1/Rp = (dC/d)(d/dt) in Eq. (3) and using the 
relation t = 2 (e.g. eit = 1), we had Rp = 2/k2. Therefore, Eq. (8) was almost 
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constant for frequency variations. This interpretation agreed with a given slope of the 
line in Fig. 3.8. Values of the slopes did not vary not only with frequency but also S/S0. 
Therefore the formation of the nano-disks had no effect on the quality of the double 
layer. 
It was interesting to deduce a possibility of generating uniform sized nano-disks 
without overlap. Since the basal plane of HOPG was stabilized by graphene-like crystal 
structure, formation of carbocations needed high activation energy or overpotential. 
Once carbocation was generated at any point on the surface overcoming the 
overpotential, it deformed the surrounding crystal structure to decrease the activation 
energy. Therefore carbocations were formed closely each other. They reacted with 
oxygen to yield clusters of graphite oxides. Since the density per area of the cluster was 
lower than that of graphite, the cluster could not bound with crystal structure. Then it 
protruded from the crystal surface to form disks, associated with wrinkles. Since it was 
an electrical insulator, it had no effect on further oxidation. 
 
3.3 Conclusion 
The defects of the HOPG crystal structure by the oxidation are different from the 
intercalated graphene in that  
(a) the top layer of the oxidized HOPG is hydrophilic, indicating the absence of 
hydrophobic graphene layer (in Fig. 3.3); 
(b) the extra-oxidation charge does not enhance the amount of the defects (in Fig. 3.6); 
(c) nano-disks are dispersed heterogeneously on the planar HOPG; 
(d) the electric conduction specific to graphene layers is lost on the nano-disks (in Fig. 
3.7), 
(e) the nano-disks are so porous for ions that the electrode reaction is not blocked; and 
(f) the double layer capacitance is almost independent of the oxidation level. 
These deviations from the conventional image, however, do not always controvert the 
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intercalation if  
(g) the applied potentials and/or the current density are insufficient to cause the 
intercalation, and if 
(h) the anodic intercalation may occur less frequently than the cathodic one. 
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Chapter 4                                              
Power law for frequency-dependence of double layer 
capacitance of graphene flakes 
 
4.1 Overview 
The electric double layer impedance in a polarized potential domain often varies 
with applied ac-frequency, different from an ideal capacitor, called frequency-dispersion 
[24,25]. It has been interpreted as distribution of various time constants of double layer 
capacitors [26]. A traditional equivalent circuit for the double layer impedance is an 
ideal capacitor, which is connected in series with the solution resistance [27]. The 
circuit in series should yield a vertical line in a Nyquist plot [28,29], whereas the 
Nyquist plots of double layer capacitances have frequently provided lines with slopes 
less than 10 [30]. The non-vertical line has been modeled by the so-called constant 
phase element (CPE) [31-34]. The impedance of the CPE, ZCPE, is expressed by the 
power , ranging from 0 to 1, of a complex impedance. i.e. 
ZCPE = 1/(Q(i)

) ={cos(/2) – i sin(/2)}/(Q)     (1) 
where  is angular velocity of applied ac-voltage, and Q is a constant. The slope of the 
line in the Nyquist plot is tan(/2). The CPE can reproduce experimental results well, 
but does not explain any origin of physicochemical phenomena such as 
frequency-dispersion dispersion and adsorption [35]. The data analysis by the CPE is 
close to the analysis with a frequency-independent phase angle different from 90
o
 [36]. 
We have explained Eq. (1) as an inevitable result of the frequency-dispersion 
[30,37-39], as follows. The time-derivative of the double layer charge q, i.e. I = dq/dt, at 
the capacitance, C, for the applied voltage V = Voexp(it) is given by 
         (2) 
 
The original form of the admittance in the second term of Eq. (2), dC/dt, cannot be 
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evaluated directly from the impedance data, but it is C/ that can readily be obtained 
as a variable with time-dependent capacitance. Therefore we have written dC/dt as 
(C/)(d/dt) in Eq. (2). Since  is equivalent to 1/t, d/dt is given by -t-2. The first 
term on the right hand side is iCV, the admittance of which is the out-of-phase. Since 
the admittance of the second term, in contrast, includes no imaginary number, it belongs 
to the in-phase, i.e. a resistive component. The current in Eq. (2) is a sum of the real and 
the imaginary currents, the equivalent circuit can be expressed as a parallel combination 
of C (defined as Cp) and the resistance (1/(C/t) = Rp). The parallel combination of the 
double layer has been introduced by Bockris et al [40] in order to explain dielectric 
relaxation. It has been verified experimentally by changing solution resistance [37] as 
well as fitting experimental results [41]. The parallel resistance Rp, depending on 
frequency, has been demonstrated to have surface properties because it does not vary 
with distance between two electrodes [37], with salt concentrations [38], or kinds of 
solvents [30]. Furthermore, it is inversely proportional to the area of electrode surfaces 
[38]. The double layer capacitance, Cd, conventionally observed can be then expressed 
as 
                                 (3) 
This is nothing but the admittance (1/Z) of the conventionally observed double layer 
impedance, Z. The relations between Eq. (1) and (3) are 
(4)                                                               
             
(5) 
 
where Rp was replaced on the right-hand sides by 1/(Cp/t). Since Cp has a linear 
relation with log f [40,37,38], the term f(Cp/f) is almost constant. Then  can be 
determined unequivocally through Eq. (5). The correspondence in Eq. (4) and (5) 
indicates that the CPE behavior should result quantitatively from the 
ppd
/1 CiRCi  
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frequency-dispersion.  
The above quantitative interpretation of the CPE does not elucidate a physical 
meaning of the frequency-dispersion. Following reasons for the frequency dispersion 
have been suggested; surface roughness of fractal dimension [42-49], porosity of 
electrodes [49-52], the distribution of current density [53-56], inhomogeneous 
adsorption [57], and inhomogeneous coating materials [41,58]. These reasons include 
commonly something heterogeneous on electrodes. It is not easy to evaluate domain 
size of heterogeneity although few attempts have been reported on local electrochemical 
impedance spectroscopy [59-61]. Since the frequency-dependence at highly oriented 
pyrolytic graphite (HOPG) electrode is less than that at polycrystalline platinum 
electrodes [37,62], the domain size of heterogeneity may be of the order of magnitude 
of roughness or grain of polycrystalline surface.  
When conducting powder-like materials are accumulated on an electrode as in 
supercapacitors, the heterogeneity may increase to enlarge the CPE effect, or to 
decrease . Since the capacitance is given by Q/1- from Eq. (1), the enlarged CPE 
effect decreases the capacitance values with an increase in the frequency. Consequently, 
values of the capacitances should be specified by not only values of  but also the 
frequency or the time to be used for measurements.  
 
4.2 Results and discussion 
We prepared GN- and GO-films with various thickness on the HOPG. The 
thickness, which was evaluated from the volume of the suspension with known weight 
concentration and the density of GN or GO, is an average value over the electrode. 
Since the density was evaluated from the volume of water excluding the volume of GN 
or GO without considering dead space among GN (GO) particles, the geometrical 
thickness of the film is larger than the calculated one.  
The surface of the GO-coated HOPG showed vague STM images even at any 
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magnification except for extremely thin films. The vague images may be ascribed partly 
to less electrical conductivity of the GO, and partly to very rough surface of GO that 
cannot be layered. In contrast, GN-coated HOPG exhibited STM images which included 
a flat plane and a lump with stripes, as shown in Fig. 4.1(A). Since the magnification of 
the flat plane showed honeycomb structure of crystalline HOPG, the plane should be a 
bare HOPG surface. The lump has crystalline structure with many stripes, which may 
stand for layered surfaces of GN flakes. Fig. 4.2(B) shows a height profile of the line in 
Fig. 4.1(A). The height of the lump is not uniform probably because the exfoliation by 
the Hammer method occur at incontrollable layers of graphite. It was the thinnest film 
(1.4 nm) that exhibited the geometry-defined images such as Fig. 4.1(A). 
 
 
Fig. 4.1(A) 
 
 
 
100 nm 
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Fig. 4.1(B) 
 
Fig. 4.1 STM image (A) of the GN-coated HOPG with 1.1 nm thickness and the height 
profile (B) on the line in (A). 
 
Since the maximum view window of the STM, (0.5 m)2, cannot cover the whole 
size of a GN flake, we used AFM to see the geometry and the surface of a flake. Fig. 2 
shows the AFM image, which includes a flake with 12 m2. The height profile shows 
the thickness of the flake with a few nanometers. 
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Fig. 4.2. AFM image of the GN-coated HOPG with 1.1 nm thickness and the height 
profile near the step. 
 
Ac-impedance of the films was obtained in 0.5 M KCl aqueous solution by the 
two-electrode cell (Fig. 2.3(A)) at 10 mV ac amplitude. The dc-potential of the 
impedance data is a rest potential. Figure 4.3 shows Nyquist plots at the GN- and the 
GO-coated HOPG. The plots for the GO films with 0.011 m (a) were overlapped with 
those of the GN films (not shown because of the overlap). Both of them were almost the 
same as the Nyquist plot at the HOPG (the line). Therefore, the GO and GN have no 
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influence on the impedance data so far as thickness was less than 0.011 m. The slope 
of the line was ca. 8.5, corresponding to  = 0.93. Thick GN films decreased values of 
-Z2 more than those of Z1, yielding the decrease in the slope. In contrast, the Nyquist 
plots for GO did not vary with the thickness (c). This is because GO is an electric 
insulator. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3. Nyquist plots of the GN films with thickness (a) 0.011 m, (b) 1.1 m and (c) 
GO film with 1.1 m in 0.5 M KCl aqueous solution in the frequency domain from 1.4 
to 2500 Hz. The solid lines are the Nyquist plots at the HOPG electrode. 
 
 
Since the present measurement is made at two identically coated substrate 
electrodes (HOPG), the total impedance is a series combination of the solution 
resistance, Rs, and two parallel combinations of Cp and Rp, as is shown in Fig. 4.4, 
where both Cp and Rp are frequency-dependent, satisfying 1/(C/t) = Rp.  
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Fig. 4.4. Cell structure for equivalent circuit of ac-impedance measurements. 
 
This equivalent circuit can be represented by 
 
                (8) 
The explicit forms of Cp and Rp are given by  
 
   (9) 
 
We determined the solution resistance, Rs, by extrapolating the Nyquist plots to the Z1 
axis. The Rs values ranged from 30 to 80 , depending on the distance between two 
substrate electrodes. Since they had no relation with the film thickness, they do not 
contain the resistance of the film. Values of Cp and Rp were determined from Z1 and Z2 
at each frequency through Eq. (9). 
We found previously that Cp at platinum electrodes had a linear relation with 
logarithmic frequency with a negative slope [78,79-81]. We plotted Cp values for the 
RS 
Cd 
Cp 
Rp 
Cp 
Rp 
Cd
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HOPG, the GO- and the GN-coated electrodes against log f, and obtained also the linear 
relation except for thick GN films. The logarithmic linearity is only an empirical 
relationship without any theoretical background, and hence other types of relationship 
are possible, for example, a power relation given by 
Cp = (Cp)f=1 f 
-
                              (10) 
for positive values of , where (Cp)f=1 is the value of Cp at 1 Hz. The plot of log(Cp) 
against log f for HOPG exhibited a line with the coefficient of determination 0.995. The 
linearity in Cp vs. log f for small variation of Cp is approximated by the linearity in 
log(Cp) vs. log f, as can be seen from the Taylor expansion, ln(a+x) = log a + x/a +... for 
small values of x. Fig. 4.5 shows plots of log Cp against log f for the GO- and the 
GN-coated HOPG with two kinds of the thickness. Most of the plots fell on each line, 
although slight deviation was found at high frequency. The deviation was smaller than 
that of the plot of Cp vs. log f. All the values of Cp for the GN films were larger than 
those of the GO. This fact indicates that GN should provide large surface area in contact 
with the solution. Values of Cp for GN increase with an increase in the film thickness.  
 
 
 
 
 
 
 
 
 
 
Fig. 4.5. Logarithmic variations of Cp with the frequency at (a, b) GO-coated HOPG 
and (c, d) GN-coated HOPG for the film thickness of (a, c) 0.077 m and (b, d) 1.1 m. 
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In order to examine variation of Cp with the film thickness, we pay attention to 
(Cp)f=1. Fig. 4.6 shows the variations of (Cp)f=1 of GO and GN with the film thickness, . 
The values of (Cp)f=1 for GO did not vary with . The average value was 4  2 F cm
-2
, 
which is not far from the value (7.5 F cm-2 from Fig. 4.2) for the bare HOPG. The 
similarity suggests no contribution of GO to an increase in the electroactive surface area, 
because GO is an electrical insulator which covers partially the active area of HOPG. In 
contrast, the values of (Cp)f=1 of GN increase largely with an increase in the thickness. 
Especially, they are proportional to the thickness for  < 0.11 m, as shown in the inset 
of Fig. 4.6.  
 
 
 
 
 
 
 
 
 
 
Fig. 4.6 Dependence of Cp at f = 1 for (triangles) GO- and (circles) GN-coated HOPG 
electrodes on the thickness of the films, . The inset is the magnification of Cp for thin 
GN films. 
 
The proportionality has been found by the stacking layer-by-layer technique of 
graphene [82]. It indicates that each graphene flake should exhibit the capacitive 
property common to all the layers. The slope of the proportionality is 8.3 F cm-2 nm-1. 
We assume that the capacitance per one surface of a GN flake is the same as that of 
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HOPG (7.5 F cm-2). A GN flake has two surfaces; being a fore plane and a back plane. 
Then the capacitance of a GN flake per cm
2
 is 15 F. Consequently, one flake ought to 
have the thickness 1.8 (= 15/8.3) nm per HOPG plane in average. This value is smaller 
than the thickness observed by the AFM images in Fig 4.2, partly because the 
capacitance includes surface roughness on GN flakes (in STM), and partly because the 
observed AFM images were for flakes thick enough of getting clear observation. 
Fig. 4.7 shows variation of  (the power in Eq. (10)) with logarithms of the film 
thickness. Values of  both for GO and GN at  < 10 nm are close to the value of  for 
HOPG (horizontal line). On the other hands, those for GN at  > 10 nm enhance linearly 
with log , i.e.,  = 0.24 log( /nm) + 0.62. Since  is a measure of the 
frequency-dependence, the increase in  implies a rise of the dependence by the 
thickness. When combining the relation with (Cp)f=1 = 8.3 ( / nm) F cm
-2
 for the 
proportional domain in Fig. 4.6, we can rewrite Eq. (10) as  
Cp = 8.3 f 
-0.24
 
log  +0.11
 F cm-2,                       (11) 
where the unit of  is nm. Inserting this equation into Eq. (5) yields 
tan(/2) = 1/ = 1/(0.24 log - 0.11)                   (12) 
It implies that the slope of the line in the Nyquist plot should decrease with an increase 
in the thickness. Since Eq. (11) includes  in the power, the capacitance is not accurately 
proportional to  or the number of the GN layers, n. Letting the capacitance with n 
layers be Cpn, values of Cpn may be smaller than the n times of the capacitance with 
one-layer, i.e. nCp1, with an increase in frequency. According to Eq. (11), nCp1, is 
expressed by 
Cpn = nCp1 f 
-0.24 log n
                                (13) 
Fig. 4.8 shows variations of the ratio, Cpn/nCp1, with log f, calculated from Eq. (13) 
for several values of n. With an increase in the thickness (n), the capacitance is less than 
nCp1. This inequality is larger at higher frequency. 
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Fig. 4.7. Variations of  for (triangles) GO and (circles) GN with logarithm of the the 
film thickness. The horizontal line is for HOPG. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8. The frequency-dependence of the capacitance with n-layered thick films for n 
= (a) 10, (b) 100, (c) 1000, and (d) 10000, calculated from Eq. (13). 
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Values of super-capacitors have often been obtained by means of 
chronopotentiometry, chronoamperometry and cyclic voltammetry (CV) rather than ac 
impedance methods. It is of interest to examine how the frequency-dependence may be 
realized in current- or voltage-time curves. Here we restrict our discussion to CV. 
Voltammetry was made at the cell of Fig. 2.3 in the polarized potential domain. Fig 4.9 
shows voltammograms at two GN films with different thickness. The voltammograms at 
the thin film (A) take a conventional shape of background voltammograms, i.e. being 
similar to a parallelogram. In contrast, those at thick film (B) deformed from a 
conventional one as if they include a large ohmic-like contribution. Since both cells 
have values of Rs as low as 40  by the impedance measurement, the solution resistance 
should have no effect on the voltammetric shape. A possible reason for the deformation 
is a participation in the parallel resistance, Rp. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9(A) 
 
 
Chapter 4 Double layer capacitance of graphene flakes 
 
39 
-0.2 -0.1 0 0.1 0.2
-2
0
2
4
E / V 
I 
/ 

A
(B)
(a)
(b)
(c)
11.1log24.011.1log24.0
p
p
p
 
d
d
d
d 


KvtkEvC
t
C
E
t
E
CI
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9(B) 
 
Fig. 4.9 Cyclic voltammograms at the GN-coated HOPG electrode coated with the GN 
films (A) 0.077 m and (B) 2.2 m in thickness in 0.5 M KCl solution at v = (a) 10, (b) 
50 and (c) 100 mV s
-1
. 
 
Fig. 4.10 shows plots of the anodic and the cathodic currents at E = 0.0 V in Fig. 
4.9 against the scan rates, v, for different thicknesses of the GN films. Although 
capacitive currents at a bare electrode are generally proportional to v, the variation in 
Fig. 4.10 shows that the currents have v

-dependence for 0 <  < 1, e.g.  = 0.78, 0.69 
and 0.37 for  = 0.077, 0.53 and 1.1 m, respectively, as shown in the inset of Fig. 4.10. 
The scan rate dependence is equivalent to the inverse of the time-dependence. Inserting 
Eq. (11) into Eq. (2) and applying this equivalence to Eq. (2) yields approximately  
 
      (14) 
Then, values of the power, -0.24 log() + 1.11, are 0.65, 0.46 and 0.38 for the above 
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values of  , respectively. These values are close to those , determined in Fig. 4.10. The 
difference is due to the difference in the voltammetry time scale from that of the 
ac-impedance. It is the frequency-dispersion that causes the deformation of 
voltammograms for thick films. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10 Plots of the voltammetric current density at E = 0.0 V against scan rates at the 
films for  = (a) 0.077, (b) 0.53 and (c) 1.1 m, obtained in 0.5 M KCl solution. The 
inset is the plot on the logarithmic scales. 
 
4.3 Conclusion 
The frequency-dispersion can be represented quantitatively as f 
-
 by use of the 
positive value, . Then the CPE parameter  is related with  through Eq. (12). 
Consequently, the slope of a line in Nyquist plots, is given by -Z2/(Z1 - Rs) = tan(/2) = 
1/. The parameter  or  expresses not only the frequency-dispersion but also the 
presence of Rp. 
The frequency-dispersion at GN-coated and the GO-coated HOPG electrodes are 
obeyed by the power law. The GO-coating does not influence the capacitance because 
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GO is an electric insulator. In contrast, the GN-coating enhances the capacitance, which 
is almost proportional to the thickness of the layer. The comparison of the thickness and 
the capacitances yields 2 nm thickness of one GN flake in average. 
The frequency-dispersion per given thickness increases with the thickness. Thus, 
the lower the frequency and the thinner the film is, the larger is the capacitance density. 
The time-dependence of the capacitance requires us to specify the frequency or the time 
of the capacitance measurements when capacitance values are reported. The 
frequency-dispersion is reflected even on deformation of cyclic voltammograms from a 
parallelogram to a line of an ohmic resistance when films get thick. Then the 
voltammetric currents are not proportional to v but is obeyed by the power law, v

. 
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Chapter 5                                              
Conclusions 
 
When HOPG is electrochemically oxidized in alkali solution, STM observation 
shows that the diameter of graphite oxide with homo-sized disks is 15 nm and the 
thickness is 0.5 nm formed dispersively on the HOPG surface. With increasing in the 
anodic charge, the number of the disks enhances, and covers finally the HOPG surface 
without overlap at the maximum coverage of 70%. The projected area of the disks is 
proportional to the anodic charge when the charge is small. The disks are hydrophilic. 
The fully disk-coated HOPG do not block current of the redox species which is 
diffusion-controlled. The layer of the disks is porous for ions or solutions. The 
formation of the uniform size ascribes to the difference between the density of graphite 
oxide and that of the basal plane of graphite. The formation of nano-disks and their 
properties are inconsistent with such an image of intercalation that ions are inserted into 
layers of graphene of HOPG. The double layer capacitance of the oxidized HOPG 
increases slightly with the anodic charge. It implies that the disks should be an electrical 
insulator. 
The double layer capacitance per weight of graphene (GN) flakes in aqueous 
solution at the polarized potential increases with a decrease in the ac-frequency, obeying 
the inverse of the power law of the frequency. The power law is demonstrated to be 
equivalent to the constant phase element. The frequency-dependence increases with the 
thickness of the GN films. Thus, the lower the frequency and the thinner the film, the 
larger is the capacitance density per weight. This is confirmed by cyclic voltammetry 
for several thickness of GN films and several scan rates. Resistance-like 
voltammograms at thick films are caused by frequency-dispersion. The overall 
capacitive properties of the GN films are as follows: the capacitance is almost 
proportional to the thickness of the layer for less than 0.11 μm; the comparison of the 
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thickness and the capacitances at the HOPG yields 2 nm thickness of one GN flake in 
average, consistent with values by the STM and AFM images. 
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